The increasing presence of inverter-based distributed generation (DG) units in distribution networks (DNs) requires control methods that achieve high performance not only during normal operating conditions, but also under unbalanced conditions. With a high probability, a type of voltage unbalance in DNs is unequal three-phase voltage magnitudes at the fundamental system frequency. This can occur temporarily due to faults or permanently due to uneven distribution of unbalanced loads, on the three-phases of the DN. This paper proposes a sliding mode (SM) based controller for grid-connected DG units, under unbalanced grid voltage condition. The proposed control strategy employs a nonlinear control scheme to directly cancel out the negative-sequence (NS) components of DG output current under unbalanced voltage condition; and directly regulate the positive-sequence (PS) active and reactive power injected by DG units to main-grid. The control method proposed in this paper is shown to be robust and stable system parameter uncertainties. The validity and effectiveness of the proposed controller is verified by using time-domain simulation studies, under the MATLAB/Simulink software environment.
INTRODUCTION
Recently, due to a general increasing demand for electrical energy and a rising interest in clean technologies, the energy sector is moving to the era of distributed energy resources (DERs), such as wind turbines, photovoltaic systems, fuel-cells, micro-turbines and hydropower turbines [1] [2] . Typical modern distributed generation (DG) units, which are collectively referred to DERs, do not generate 50/60 Hz ac voltages and therefore require electronic power converters as the interfacing medium between a prime energy source and the network [3] [4] . These interfaces turn the DG sources more flexible in their control and operation compared to the conventional synchronous machines. In addition, a power electronic converter can mitigate harmonic and unbalanced load or source problems. However, due to their relatively low inertia, these interfaces also turn the system potentially susceptible to the network disturbances [5] . dynamics are dictated by the main-grid due to the relatively small size of DGs. The sensitiveness of DG unit to utility grid disturbances is a major drawback of this mode [8] . In the grid-connected mode, the power inverters forming DG system is continuously exposed to the abnormal conditions and disturbances existing in the grid [9] . The most severe cause of abnormal conditions in the main-grid are shortcircuiting faults, unbalanced distribution of single phase loads and starting up of large induction machines, as these are common in distribution levels [10, 11] . These events normally produce steady-state and transient voltage unbalances. Operation of DG units under voltage unbalances has not received much attention in the past, since many grid operators demand the immediate disconnection of DG in case of grid disturbances as prerequisite for grid-connection. However, as the power generated by DG units increases, this behavior stresses the main-grid and could cause power unbalance, which may turn into instability. Therefore, the interaction between DG units and main-grid during voltage unbalanced conditions is very important and it must be considered when designing a proper control strategy [12] . In the literature, it can be seen that a part of research effort in the area of DG systems has been dedicated to the gridconnected-mode control of inverter-based DG units under unbalanced voltage conditions [13] [14] [15] [16] [17] . A vector control approach for controlling the voltage sourced converter (VSC) which is capable of mitigating the harmonics under unbalanced operating conditions is proposed in [13] . Positive-and negative-sequence components of the output current have been controlled independently with a dual control scheme, in which the current references can be accurately selected with the purpose of avoiding second harmonic oscillations in the active power flow of the converter, and by that reducing oscillation in the DC-link voltage. However, a constant DC bus voltage is achieved at the cost of unbalanced grid currents, and these results in a decrease of maximum deliverable power [14, 15] . As it can be seen in [13] , the presented vector control approach requires two reference frame transformation modules for voltage and current, two real-time sequence extraction algorithms also for voltage and current, and two synchronous current reference generation systems (one for each rotating sequence). Therefore, the presented control scheme is complex [9] .
Early publications related to control of VSCs during unbalanced conditions [14] [15] [16] [17] , have presented generalized discussions on how to derive current references corresponding to different objectives for control of active and reactive powers during unbalanced conditions [15] . The control scheme proposed in [14, 15] is based on either grid voltage oriented [14] or grid virtual-flux-oriented [15] vector control. The scheme decouples the DG current into active and reactive power components. Control of instantaneous active and reactive powers is then achieved by regulating the decoupled DG currents, using proportionalintegral (PI) or proportional-resonance (PR) controllers. One main drawback for this control scheme is that the performance highly relies on the tuning of the PI or PR parameters and accurate system parameters. Hence, performance may degrade when actual system parameters deviate from values used in the control system [17] .
A direct power control (DPC) strategy has been presented in [16, 17] for a grid-connected VSC under voltage unbalanced conditions. The DPC scheme is based on the SM control approach, which controls the instantaneous active and reactive powers in the stationary reference frame. Three power control targets have been proposed during network unbalance to obtaining sinusoidal and symmetrical grid current, removing reactive power ripples, and canceling active power ripples. However in the chosen study system, the VSC is directly connected to main-grid and the PCC voltage dynamics are ignored that makes the system control very simple. In addition, the NS power control method has been designed based on knowledge of actual values of the resistances and inductances of the system. Hence, the system stability is not guaranteed with subject to system parametric uncertainties.
The main contribution of this paper is to use the wellknown sliding mode control technique in order to improve the performance of the DG control systems when an unbalanced drop in the grid voltage occurs. The proposed control strategy employs a NS current controller, which is designed to compensate the NS component of DG output currents; and a PS power controller, which is designed to directly regulate the PS active and reactive powers generated by DG units. In order to overcome the computational burden associated with the tracking of grid voltage phase angle and frame transformations, the proposed controllers are performed in stationary reference frame. Time-domain simulation results are presented to demonstrate the validity and effectiveness of the proposed control method.
SYSTEM DESCRIPTION AND MODELLING
A single-line diagram of the DG study-system used in this paper is shown in Fig. 1 . The DG unit is represented by a DC power supply, a VSC, and a LC-filter that is connected to point of connection (PC). The local loads of the DG unit are connected to the PC and, the common loads are connected to the PCC. The interlink-lines between PC and PCC is represented by a series RL branch. In this paper, it is assumed that the DG system is connected to maingrid. The system parameters are given in Table 1 . Fig. 2 shows the control structure of the inverter-based DG unit. Using well-known Clarke transformation, the current and voltage dynamics in the stationary (αβ) reference frame can be derived as:
It is assumed that the LC-filter and the interlink-line have balanced three-phase impedance since, each of the equations (1)-(2) can be fully decoupled into positive and negative sequences. Under unbalanced condition, each of voltages and currents can be expressed as [18] :
Since the whole controller is designed in the stationary reference frame, the sequence detection of system voltages and currents is also realized based on a stationary frame notch filter in the αβ-frame [19] . It should be note that the case of grid voltage and frequency deviations is out of scope of this paper. However, as stated in [19] , the applied method is robust to small-frequency variations so that a high-performance output can be achieved even under a distorted grid voltage [14] . Although according to the allowable limits of frequency-deviation of main-grid [20] , a phase-locked loop (PLL) can be avoided in the gridconnected mode [14] , [19] , for adapting to larger-frequency changes, a PLL or a frequency adaption loop can be added to the applied filter [19] , [21] .
SLIDING MODE CONTROL DESIGN
The proposed control structure consists of a PS power controller and a NS current controller, as shown in Fig.  2 . The power controller is designed to regulate the PS active and reactive power injected by DG unit to the system, under both balanced and unbalanced conditions. The NS current controller is designed to compensate the impact of the grid voltage imbalance, on the DG output current. In the subsequent sections, the control design procedure is explained in detail.
Positive-sequence power control
The instantaneous active and reactive power injected by DG unit to the system can be represented as [15] :
where "·" denotes the inner-product while "×" represents the cross-product of two vectors and bold symbols
Under unbalanced conditions, the instantaneous active and reactive powers can be expressed by the PS and NS components of the voltages and currents as given by (7) and (8), respectively [15] .
with
(11) Noting that under balanced conditions, the NS components of voltages and currents are zero and thus, the instantaneous powers are equal to PS power components. It means that under both balanced and unbalanced conditions, the PS active and reactive powers should be controlled. For this aim, the following integral-based sliding surface is selected. 
where
are the active and reactive power tracking errors, and k s = diag[k sP , k sQ ] is a diagonal matrix with all positive constant diagonal entries which are the SM control gains. Based on SM control theory, it is required to restrict the controlled states onto its corresponding sliding surfaces [22] . This is exclusively governed by:
Considering (13), differentiating (12) with respect to time gives:
By considering (9) , it can be obtained that: 
By substituting for (16) into (14), it can be shown that:
By considering (13), the SM control effort
can be obtained by solving the following equation:
By combining (17) and (19) Fig. 3 . Proposed control structure for PS power regulation
with:
According to SM control theory, the process of SM control can be divided into two phases, that is, the reaching phase and the sliding phase [22] . The control law given by (20) is only valid for sliding phase of the SM control process. The control effort which guarantees the SM control in both the reaching and sliding phases can be represented by [22] :
wherek v = diag[k vP , k vQ ]is a diagonal matrix with all positive constant diagonal entries which are the SM control gains and, the sign functionsgn(·)is described by:
Based on Lyapunov's direct method of stability [22] , the overall stability of the control system has been shown in the paper Appendix A. Fig. 3 shows the proposed PS power control scheme.
Negative-sequence voltage/current control
In order to obtain sinusoidal and symmetrical DG current under unbalanced condition, the NS components of DG current should be eliminated. This can be achieved by introducing the following integral-based sliding surface: 
where e f α and e f α are the errors between reference and actual values of the NS components of DG current:
and k sf = diag[k sf α , k sf β ] is a positive constant diagonal matrix. Differentiating (24) with respect to time gives: 
By considering (13) 
By Combining (27) and (28), it can be obtained that:
The control law described by (29) which guarantees the SM control in both the reaching and sliding phases can be represented by:
is a positive constant diagonal matrix. The overall stability of the control system has been shown in the paper Appendix B. Based on above equations the proposed NS current control scheme is shown in Fig. 4 . In order to avoid unexpected chattering near the sliding surface, the sign function in (22) and (30) is changed into a saturation function, which is described by:
where λ is a positive constant. As shown in Fig. 2 , only local signals (i f , v f and i o ) are used as feedback to control the converters. As depicted in this figure, the positive-and negative-sequence components of the control signals, generated by PS power controller and NS current controller, respectively, are finally summed up to generate the converter voltage references, as an input to space vector modulation (SVM) module.
SIMULATION RESULTS
To evaluate the effectiveness of the presented control strategy, the DG study system shown in Fig. 1 has been simulated in the MATLAB/Simulink software environment. The power reference values are given in Table  2 , and as stated in section 3.2, the NS current references are zero. The SM control gains are also given in Table 2 . In the following graphs, the real powers, reactive powers, voltages and currents are expressed in kilowatts, kilovoltamperes-reactive, kilovolts and amperes, respectively. is assumed that the grid is strong since, the DG unit is not able to assist the grid with its voltage and/or frequency regulation. For comparison, the described power control method without negative-sequence current compensation is also implemented to regulate the instantaneous active and reac- Fig. 7(a) , due to small size of DG unit, the unbalanced grid voltage can cause the system voltages suffering from high values of negative-sequence which can lead to system voltage imbalance. Therefore, the first term of (11) cannot be directly removed under unbalanced voltage conditions. However, as depicted in Fig. 6 , no steady-state double frequency oscillations (DFOs) are observed in the active and reactive powers during the unbalanced conditions. This is due to the fact that the first term and the second term of equation (11) can compensate each other, with instantaneous power control method. Although this method has an acceptable performance in control of instantaneous power under both the balanced and unbalanced conditions, the main limitation of this method is high current distortion during unbalanced conditions, as shown in Fig. 7(b) . Fig. 7(c) shows the amplitude of DG output current. This quantity is calculated by:
As indicated, the NS component of the DG output current manifests itself as a DFO in the detected current amplitude. The high-frequency current ripple appeared in Fig.  7(b) is due to the SVM-inverter switching. The fast Fourier transformation (FFT) of phase-b current of DG unit is presented in Fig. 8 . The measured total harmonic distortion (THD) of DG output currents is 20.7%.
The results illustrating performance of proposed controller, containing a PS power regulation module and a NS current compensation module, are shown in Figs. 9-11. As shown in Fig. 9 , the average value of the active and reactive power of DG unit tracks their respective reference values under both balanced and unbalanced conditions. However, under unbalanced voltage conditions, the instantaneous active and reactive power of DG unit is imposed by DFOs. Fig. 10 shows the waveforms of v f −abc , i f −abc and I f , prior and subsequent to the unbalanced voltage disturbance at t = 0.2 s. Fig. 10(b) shows that with proposed control method, the NS components of DG current is very well removed and the DG current reaches its sinusoidal and symmetrical steady-state with a reasonable transient performance. Since the reference value of PS powers of DG unit is constant, the current amplitude increment seen in the waveforms of i f −abc , after t = 0.2 s, is due to amplitude decrement of PS system voltage, under unbalanced voltage conditions.
Although the NS components of DG current are eliminated under unbalanced conditions, due to interaction of PS components of DG current and NS components of DG voltage, the first term of (11) cannot be eliminated and hence, the instantaneous active and reactive power is imposed by DFOs, as shown in Fig. 9 . One may note that the amplitude of DFOs is proportional to amplitude of NS components of the system voltage.
The THD value of DG output currents is investigated by analyzing the FFT of phase-b current, as can be seen in Fig. 11 . As expected, the measured THD of currents is decreased to 3.5%.
To evaluate the robust performance of proposed controller subject to parametric uncertainties, a 15% stepmismatch is assumed for filter resistance from t = 0.18 s. Some simulation results obtained for this test are shown in Fig. 12 . Inspecting these plots, it can be confirmed that the control scheme proposed in this paper is robust and stable with subject to system parameters uncertainties.
CONCLUSION
This paper presents a SM based controller for a gridconnected DG unit under unbalanced voltage conditions. The proposed control structure has two control modules consisting of a PS power controller and a NS current controller. The power controller ensures that the PS active and reactive power, generated by DG unit, tracks its respective reference commands under both balanced and unbalanced conditions. The current controller compensates the NS current components of DG unit. The effectiveness of the proposed control structure is demonstrated through timedomain simulation studies, under the MATLAB/Simulink environment. Simulation results confirm that with proposed control method, the NS current components of DG units are removed and, the THD value of the DG output currents are significantly reduced. Simulation results conclude that the proposed control strategy has a reasonable transient response and, is robust and stable subject to system parameters uncertainties.
APPENDIX A
Consider the following positive definite Lyapunov function:
By substituting (30) into (39), it can be obtained that:
Therefore, the time-derivative of the Lyapunov function d dt V 2 is negative definite and the current control system is asymptotically stable. 
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